Gel electrophoresis has become one of the most important methods for the analysis of proteins and protein complexes in a molecular weight range of 1-10 7 kDa. The separation of membrane protein complexes remained challenging to standardize until the demonstration of Blue Native PAGE in 1991 and Clear Native PAGE in 1994. Here, we present a protocol for high-resolution separation of photosynthetic complexes from Arabidopsis thaliana using lithium dodecyl sulfate as anion in a modified Blue Native PAGE (LDS-PAGE). In this system, non-covalently bound chlorophyll is used as a sensitive probe to characterize the assembly/biogenesis of the pigment-protein complexes essential for photosynthesis. The high fluorescence yield recorded from chlorophyll-binding protein complexes can also be used to establish the separation of native protein complexes as an electrophoretic standard.
Introduction
Assemblies of proteins constitute molecular machines that make up the functional proteome of a cell (Alberts, 1998) . These assemblies can be viewed as a highly dynamic network of protein interactions that reflect the cell's physiological state. It is therefore no wonder that changes in the assemblies are caused by disease or mutation of structural and regulatory components of a cell (Ryan and Matthews, 2005) . Polyacrylamide gel electrophorsesis (PAGE) has become one of the most successful techniques for the separation of proteins (Raymond, 1959 ) . In an electric field, particles like peptides, proteins, and protein assemblies display different mobility.
These differences can be amplified and stabilized as separation distance by sieving and anticonvective interactions within a porous gel (Maurer, 1971 ). The technique has been shown to cover the molecular weight range of 1 to 10 7 kDa using water soluble as well as membrane integral proteins and protein complexes (Schagger and Vonjagow, 1991; Strecker et al., 2010) . Schagger and Vonjagow, 1991). Here, we present a robust variation of BN-PAGE gel electrophoresis for separation of protein complexes. We replace Coomassie against lithium dodecyl sulftate (LDS) and demonstrate white light and fluorescence detection of chlorophyll (Chl)-containing protein complexes at high resolution in a molecular weight range of 10 3 -1.5x10 6 kDa using detergent solubilized thylakoid membranes from Arabidopsis thaliana.
Materials

Preparation of thylakoid membranes
Rosette leaves from Arabidopsis thaliana grown on soil for 2 weeks under cycles of 8 h light (100 µmol m -2 s -1
) and 16 h dark.
All buffers should be freshly prepared and stored at 4 °C. 
Methods
This protocol describes how protein assemblies can be separated by a native PAGE approach.
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The method uses the anionic detergent LDS in the cathode buffer lending the name native LDS-PAGE. This detergent was selected because of its high solubility at 4 °C. In general, native PAGE is intended to separate protein complexes in a state that reflects the physiologically relevant functional state of the protein assembly. It is therefore advisable to minimize protein complex degradation through sample preparation on ice and electrophoresis at 4 °C. Assemblies of chlorophyll-binding thylakoid membrane proteins were found to remain intact in the native LDS-PAGE approach and were easily detected by white light and fluorescence scanning after electrophoresis (Fig. 1) . Separation of protein complexes by native PAGE is based on a sieving of the complexes by the acrylamide concentration-dependent pore size of the gel. The method presented here corresponds to a 3.5-12% (v/v) linear gradient separating gel and a 3% (v/v) stacking gel ( Fig. 1) . This concentration facilitates a separation of molecular weight standards in the molecular weight range of 20 to 1500 kDa (Fig. 1 ).
Experiments were carried out in a Hoefer SE400 electrophoresis chamber (vertical slab unit).
Arabidopsis thaliana sample preparation
Arabidopsis thaliana plants are grown on soil for 3-4 weeks in a growth chamber with ambient white light of 100 μmol m -2 s -1 at a light/dark cycle of 8 h-light/16 h-dark.
1. Homogenize leaves 4 x 4 s in 150 mL of ice-cold extraction buffer.
2. Filter homogenized leaves through one layer of Miracloth and collect through a funnel in 3
x 50 mL conical tubes.
3. Centrifuge for 3 min at 1800 x g. Collect the pellet and discard the supernatant.
4. Gently resuspend the pellet in 5 mL extraction buffer using a paintbrush. Wash the brush in 25 mL extraction buffer. Redistribute into 2 conical tubes and fill to 50 mL with extraction buffer.
5. Centrifuge for 3 min at 1800 x g. Collect the pellet and discard the supernatant.
6. Gently resuspend each pellet in 5 mL of lysis buffer with a paintbrush. 6 7. Combine resuspended material in one conical tube and fill to 50 mL with lysis buffer.
8. Divide sample into two Sorvall HB4 tubes and fill to 25 mL with lysis buffer.
9. Incubate sample 5 min in the dark on ice.
10. Centrifuge 5 min at 6000 x g.
11. Supernatant = chloroplast stroma. Purify stroma from residual thylakoids by centrifugation at 12000 x g for 30 min.
12. Pellet = chloroplast thylakoid membrane.
13. Gently resuspend thylakoid membrane pellets from both tubes in 5 mL of wash buffer with a paintbrush and collect in one tube.
14. Collect thylakoids by centrifugation for 5 min at 5900 x g.
15.
Discard the supernatant and keep the pelleted thylakoids. Resuspend thylakoids in 3 mL wash buffer using paintbrush.
16. Transfer into glass homogenizer and lever piston 3 times. 
Solubilization of thylakoid membranes from Arabidopsis thaliana for native LDS-PAGE
1. Use thylakoid membranes corresponding to 8 µg Chl per lane of the native LDS-PAGE gel.
2. Concentrate thylakoid membranes by centrifugation at 7.500 x g and 4 °C for 10 min and discard supernatant.
3. Solubilize in 20 µL of detergent mixture 1 or mixture 2 for 10 min at 4 °C.
4. Separate non-solubilized material by centrifugation at 14000 x g and 4 °C for 10 min.
5. Transfer the supernatant containing the solubilized protein complexes to a new micro tube.
Load supernatant of different solubilisations onto native LDS-PAGE (Note 5).
Electrophoresis of protein complexes from Arabidopsis thaliana thylakoids
• Prepare cathode-, anode-and gel-buffer for LDS-gels. Store at 4 °C.
• Prepare acrylamide gradient solutions "heavy" and "light" and "stacking" solution. Use evacuation flasks for assembling the solutions. Store at 4 °C (Note 6).
Casting of gradient gel
1. Clean glass plates and spacers (> 1 mm) with ethanol (100%), assemble the glass plate sandwich, fix it on the casting stand and adjust the assembled casting stand by a spirit level.
Use gradient mixer accepting 20 -25 mL (Note 7).
3. Place magnetic stirring rods in both chambers of the gradient mixer and ensure that all ports are closed (Note 8).
4. Equip gradient mixer outlet with polyethylene tubing of 40 cm length.
5. Get tube pump and assemble tubing connection.
6. Attach a yellow tip at the end of the tubing and tape tip to the center between the glass plates to enable filling of the gradient solutions into the sandwich from the top.
7. Fill solutions in gradient mixer and start the magnetic stirrer. Fill "heavy" solution into the chamber next to the outlet tube (chamber 1). Fill "light" solution in the chamber connected to chamber 1 (chamber 2). Ensure that the "heavy" solution in chamber 1 is placed at the center of the magnetic stirrer and stirring bar is free to turn (Note 9). 8 8. Set the tube-pump speed to 11,5 mL/min (Note 10).
9. Add catalysts APS and TEMED for initiation of the acrylamide polymerization reaction.
10. Start pump.
11. Open connection between chamber 1 and 2.
12. Let the solutions run between the glass plates.
13. Overlay the cast gel with water-saturated isobutanol. Allow gel to polymerize for at least 90 min.
14. Rinse the gradient mixer immediately with distilled water to prevent the polymerization of residual gel solution in the tubes and the gradient mixer tubing.
Casting of stacking gel
1. After polymerization of the separating gel, remove isobutanol by washing with distilled water.
2. Dry area above separating gel with Whatman paper. Do not touch separation gel surface.
3. Clean comb with denatured ethanol (100%).
4. Add APS and TEMED to stacking solution and pipette onto separation gel. Fill sandwich to the top of the glass plate.
5. Insert dried comb in stacking solution. Make sure no bubbles are trapped at front of comb or between teeth and align comb teeth ends parallel to separation gel (Note 11).
6. Let gel polymerize for at least 30 min (Note 12).
Loading and running of native LDS electrophoresis
1. Label the position of the wells on the outer glass plate with a felt pen and remove the comb carefully from the native gel (Note 13).
2. Assemble glass sandwich within electrophoretic apparatus.
3. Fill in cathode buffer into the upper buffer chamber.
Rinse the wells with cathode buffer (Note 14).
5. Underlay the samples into the wells using a microsyringe or disposable pipette tips (Note 15).
6. Fill anode buffer in the lower buffer chamber until electrode is immersed.
7. Connect the tubes of the thermostatic circulator to the buffer chamber. Start the thermostatic circulator. Perform electrophoretic run at 4 °C (Note 16).
8. Complete assembly of electrophoresis unit and connect to power supply. 
